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Using Monte Carlo simulation, we study a fluid of two-dimensional hard rods inside a small
circular cavity bounded by a hard wall, from the dilute regime to the high-density, layering regime.
Both planar and homeotropic anchoring of the nematic director can be induced at the walls through
a free-energy penalty. The circular geometry creates frustration in the nematic phase and a polar-
symmetry configuration with a distorted director field plus two +1/2 disclinations is created. At
higher densities, a quasi-uniform structure is observed with a (minimal) director distortion which
is relaxed via the formation of orientational domain walls. This novel structure is not predicted
by elasticity theory and is similar to the step-like structures observed in three-dimensional hybrid
slit pores. We speculate that the formation of domain walls is a general mechanism to relax elastic
stresses in conditions of strong surface anchoring and severe spatial confinement.
PACS numbers:
I. INTRODUCTION
In adsorbed nematics, surfaces often determine the
favoured director orientation, which then propagates into
the bulk [1]. When a nematic is subject to orientations
propagating from different surfaces, elasticity theory pre-
dicts a distorted director configuration, with an associ-
ated elastic free energy. Very often conflicting surface
orientations frustrate the director in restricted geome-
tries and disclinations are generated. Disclinations can
be generated by curvature alone [2], for example by plac-
ing a two-dimensional (2D) nematic on a finite but un-
bounded surface such as a spherical surface [3–5]. The
dimensionality of space is also important since it forces
the possible topology and limits the type of defects that
can form.
Consider a 2D nematic made of rod-like particles inside
a small (of a size a few times the particle length) circular
cavity. When the density is increased from a dilute state,
the bulk isotropic-nematic transition [6–9] induces some
kind of orientational ordering in the cavity. However, due
to the surface, the nematic director is unable to adopt a
defect-free uniform configuration, and a global topologi-
cal charge +1 [10] arises in the cavity: either as a central
+1 disclination, or as two diametrically opposed +1/2
disclinations (on the surface or at a distance from it).
Thus the fluid optimises the surface free energy at the
cost of creating two disclinations and a distorted direc-
tor field (which incurs an elastic free energy). This effect
has been observed in Monte Carlo (MC) simulations [5].
For weak surface anchoring there is an alternative sce-
nario: the director may not follow the favoured surface
orientation and a quasi-uniform, defect-free configuration
with little elastic free energy may arise in the cavity. A
uniform phase has been obtained in vibrated monolayers
of granular rods [11]. Interesting phase diagrams result
as the cavity radius and the fluid density are changed,
as exemplified by recent density-functional calculations
[12–14].
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FIG. 1: Schematic of the phases obtained in the circular cavity
as the density is increased in the case of a wall imposing planar
surface alignment. Continuous thin line is the director field.
(a) Low density: Isotropic phase (I) with a film of nematic
fluid adsorbed on the surface. (b) Intermediate density: Polar
phase (N2) containing two disclinations (in the case depicted
disclinations are at the wall). (c) High density: Quasi-uniform
(Nu) phase with two domain walls (represented by dashed
lines).
In this paper we use Monte Carlo simulation to anal-
yse this system, using hard rectangles of length-to-width
ratio L/σ as a particle model and a circular cavity of
radius R that imposes hard or overlap forces on the par-
ticles. Both planar (tangential) and homeotropic (nor-
mal) anchorings are studied. In both cases we observe
the formation of 1D domain walls when the cavity ra-
dius is small. The scenario is schematically depicted in
Fig. 1 (for the sake of illustration, only the planar case
is depicted): an isotropic phase, I, at low density (con-
taining a thin nematic film in contact with the wall),
Fig. 1(a), followed, at higher densities, by a nematic
phase with two +1/2 disclinations called polar configu-
ration, N2, see Fig. 1(b). When the density increases
further the polar configuration is no longer stable, and
may transform into a structure with a quasi-uniform di-
rector configuration, phase Nu in Fig. 1(c). Depending
on the surface conditions, cavity radius and particle as-
pect ratio, the Nu phase may be preempted by formation
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2of layered (smectic-like) structures.
Our study contains two novel features. (i) In contrast
with previous works, which focus solely on the nematic
phase and the configuration of disclinations, the whole
density range, from dilute to near close-packing, is ex-
plored here. (ii) The peculiar structure of the Nu phase:
the incorrect surface alignment associated with a uni-
form director is here observed to be relaxed by the for-
mation of domain walls, i.e. one-dimensional interfaces
across which the director rotates abruptly by approxi-
mately 90◦; this is represented by the dashed lines in
Fig. 1(c). These structures are similar to the step-like
defects observed in three-dimensional nematics inside hy-
brid planar slit pores [15–20] or near half-integer discli-
nations in cylindrical pores [21], and may be a univer-
sal feature in nematics subject to high frustration and
strong anchoring under conditions of severe confinement.
In our results, planar and homeotropic anchoring con-
ditions behave similarly except for trivial but important
differences. Although the calculation of a complete phase
diagram including cavity radius, density and particle as-
pect ratio is beyond our present capabilities, we give gen-
eral trends as to how the equilibrium phase depends on
these parameters.
Our theoretical work is mainly inspired by recent ex-
periments on vibrated quasi-monolayers made of gran-
ular rods that interact through approximately overlap
forces (hard interactions). Nematic ordering is ob-
served in these fluids [11, 22–25]. Granular materi-
als are non-thermal fluids and therefore do not follow
equilibrium statistical mechanics. In particular, they
flow and diffuse anomalously [26, 27]. However, they
can also form steady-state textures that resemble liquid-
crystalline states. In this context, it would be interesting
to check whether MC simulation on hard particle mod-
els can be useful to obtain basic trends as to type of
patterns, dependence with packing fraction and size of
confining cavity, etc. The arrangement of rods in a 2D
confining cavity has also been investigated in connection
with the modelling of actin filaments in the cell cytoplasm
[28]. Self-organised patterns of these filaments have been
observed in various quasi-2D geometries and result from
the combined packing and geometrical constraints. Sim-
ulation studies such as the present one could also pro-
vide mechanisms to explain this and other experiments
on confined quasi-two-dimensional nematics [29].
In Section II we define the particle model, the simu-
lation method and provide some details on the analysis.
Results are presented in Section III, and a short discus-
sion and the conclusions are given in Section IV.
II. MODEL AND SIMULATION METHOD
The particle model we use is the hard-rectangle (HR)
model, consisting of particles of length-to-width ratio
L/σ = 16 or 40 that interact through overlap interac-
tions. The configuration of a particle is defined by (r, ωˆ),
respectively the position vector of the centre of the par-
ticle and the unit vector giving the orientation of the
long particle axis. A collection of N such particles is
placed in a circular cavity of radius R. We define the
packing fraction φ of the system as the ratio of area cov-
ered by rectangles and total area A of the cavity. Thus
φ = NLσ/A = ρ0Lσ, where ρ0 = N/A is the mean den-
sity.
For such large length-to-width ratios a fluid of HR un-
dergoes a phase transition from an I phase to a nematic
(N) at rather low densities [30–35]. The bulk transition is
continuous and probably of the Kosterlitz-Thouless type;
this detail is irrelevant here since, due to the completely
confined geometry, there can be no true phase transition
in the circular cavity and one expects a possibly abrupt
but in any case gradual change from the I phase to the
N phase.
The effect of the cavity wall on the particles is repre-
sented via an external potential vext(r, ωˆ). In all cases
this is a hard potential but, depending on the type of
surface anchoring condition wished (either homeotropic
or planar), the potential can be chosen to act on the par-
ticle centres of mass or on the whole particle –all four
corners of the particle. Specifically,
βvext(r, ωˆ) =

∞,

· at least one corner outside
cavity (planar)
· centre of mass outside
cavity (homeotropic)

0, otherwise.
(1)
where β = 1/kT , with k Boltzmann’s constant and T the
temperature. A hard wall acting on the whole particle
promotes planar ordering. However, if the condition is
on the particle centers of mass, it is homeotropic anchor-
ing that is promoted. This was shown by MC [5] and
density-functional studies [12], and has also been con-
firmed in fluids of hard discorectangles confined in 2D
circular cavities or in fluids of rods confined in slit pores
in 3D [36–38]. Since a single particle close to a wall may
have any orientation in this type of condition, one infers
that homeotropic anchoring results from the collective
effect of all particles. By contrast, a hard wall over the
whole particle induces planar anchoring. In this case an-
choring is not the result of a collective effect since a single
particle sufficiently close to the wall is forced to adopt an
orientation parallel to the wall.
The simulation method was the following. We started
at low density with a few particles inside the cavity. After
equilibrating the system using the standard Metropolis
algorithm on particle positions and orientations, a few
particles are added and the fluid is equilibrated again.
The number of particles added varied between 1 and 20,
resulting in an increase in packing fraction of ∼ 1 − 10 ·
10−3 (depending on aspect ratio and cavity radius). This
process was repeated until a high density was reached.
For the insertion process we first chose one particle at
random and create a replica with the same orientation
3but with the long axis displaced by ∼ D. Then we per-
formed a few thousands rotations and displacements on
the new particle. The addition of one particle, especially
when the density is high, may lead to overlap; in that
case we chose another particle to create the replica and
a new attempt was made until insertion was completed
successfully. The simulation ended when the desired den-
sity was reached or if the addition of new particles is no
longer possible. As usual, a Monte Carlo step (MCS) is
defined as an attempt to individually move and rotate all
particles in the system. We performed 5− 15 · 105 MCS
for each N . The acceptance probability was set to about
0.2, and depended on the maximum displacement ∆rmax
and maximum rotation ∆φmax each particle is allowed to
perform in one MCS. Both, ∆rmax and ∆φmax, are ad-
justed to obtain the desired acceptance probability every
time we increase the number of particles.
To characterise the fluid structure in the cavity, three
local fields are defined: (i) A local density ρ(r) in
terms of a local packing fraction φ(r) = ρ(r)Lσ; here
r = (x, y) is the position vector of a particle centre
of mass. (ii) A local order tensor Qij(r), defined as
Qij = 〈2ωˆiωˆj − δij〉, where 〈· · ·〉 denotes a canonical av-
erage, ωˆ = (cosϕ, sinϕ) is the unit vector pointing along
the particle axis, and ϕ is the angle with respect to the
x axis. The order tensor can be diagonalised, and the
largest eigenvalue Q(r) is taken as the local order pa-
rameter (the other eigenvalue is negative and with the
same absolute value). The x axis of the frame where Qij
is diagonal defines a local tilt angle ψ(r) with respect to
the laboratory-frame x axis.
All local quantities, φ(r), Q(r) and ψ(r) were defined,
at each r, as an average of each quantity for all particles
over a circle of radius r = 0.5L and for 2500 different con-
figurations separated by 50 MCS (all local fields shown
in this paper were obtained in this way). This number
of configurations is necessary in order to obtain spatially
smooth fields. However, a complication may arise due
to the collective rotation of the particles inside the cav-
ity. As the cavity does not impose a global director, mi-
crostates with the same average order parameter but dis-
tinct global directors are equivalent. Hence, an ensemble
average over these states can artificially result in a state
with lower order parameter. In particular, the collective
rotations of the particles take place more frequently at
low packing fractions, hindering the nematization anal-
ysis. Since the precise location of the transition to the
nematic state is not the goal of our work, we did not
attempt to address this problem.
As shown in section III, distinct states characterised
by different local nematic fields will arise in the cavity
as the density is increased. Given the completely re-
stricted geometry and the reduced number of particles
in the cavity, abrupt changes are not expected and only
a continuous transition between the different states can
occur in the system. In order to check this, we have run
simulations for selected cavity radii by first increasing
and then decreasing the number of particles, looking for
possible hysteresis effects. As expected, no such effects
were found in the process and we can be confident that
the states described in the following section are the stable
ones.
III. RESULTS
An overall picture of the phenomena occurring in the
cavity as the density is increased can be obtained by
looking at typical particle configurations, local packing
fraction and local order parameter. In this section we
first present the results for the planar case, and then for
the homeotropic case. In both cases cavity radii from
R = 1.0L to 10L were explored, all for L/D = 16 and
40.
A. Planar anchoring
Representative results in the case of planar anchoring
can be obtained from the case R = 7.5L and L/D = 40
(the behaviour is qualitatively the same for the other cav-
ity radii and aspect ratios analysed). The initial number
of particles was N = 250 (corresponding to a packing
fraction φ ' 0.04), and the final number of particles was
N = 3000 (φ ' 0.42). The results are shown in Fig. 2,
where each row corresponds to a given packing fraction,
increasing from top to bottom.
At low φ (first row in Fig. 2) the fluid is disordered
(I phase), except at a thin film next to the wall which
presents some degree of planar ordering. As the fluid
becomes more dense it undergoes a quasi-transition from
the I phase to the N2 phase at a density close to the
bulk transition (the second row in the figure, for φ =
0.180, corresponds to a nematic state, i.e. beyond the
bulk transition). This density agrees closely with that
predicted for hard rods in 2D [7, 31]. Nematization in
the case L/D = 16 is qualitatively similar, except that
the transition density is more or less doubled.
Once a nematic fluid is established in the cavity, the
local director is subject to frustration due to the geom-
etry. The planar surface orientation is satisfied by the
particles but, due to the topological restrictions imposed
by the wall, the nematic fluid creates two disclinations
of topological charge +1/2 next to the walls in diamet-
rically opposed regions. This feature manifests itself in
panel b3 through the depleted order parameter at the
disclination cores (by contrast, the local φ, panel b2, is
not sensitive because the ordered and disordered phases
have the same density). Two isolated +1/2 disclinations
are always more stable than a single point defect of charge
+1 because the free energy is proportional to the square
of the topological charge. The boundaries could mod-
ify this balance, but our results, already predicted by
density-functional calculations [12], indicate that this is
not the case.
4FIG. 2: Cavity with radius R = 7.5L, planar anchoring conditions and particle aspect ratio L/D = 40. Left column: snapshot
of particle configurations. Middle column: local packing fraction. Right column: local order parameter. First row: I phase,
with N = 570 and global packing fraction φ ' 0.08. Second row: N2 phase, with N = 1270 and φ ' 0.18. Third row: a
probably metastable phase, with N = 1550 and φ ' 0.22. Forth row: Nu phase, with N = 2820 and φ ' 0.40.
5Sometimes along the MC chain, configurations with
two extra disclinations are excited (third row in Fig. 2):
one of charge +1/2, close to the surface and forming an
equilateral triangle with the previous two, and another
one with charge −1/2 at the centre (panel c3); these con-
figurations, which still have a total topological charge of
+1, do not appear very often in the MC chain since they
involve a higher elastic free energy, and anyway the −1/2
and +1/2 disclinations tend to annihilate each other. A
similar metastable configuration has been observed in
simulations of hard spherocylinders lying on the surface
of a three-dimensional sphere [5].
At higher densities a dramatic structural change can
be observed (fourth row in Fig. 2). As φ increases,
elastic stresses becomes very large because of the strong
dependence of elastic constants, K, with density. As
a consequence, a quasi-uniform director configuration
(Nu phase) with little elastic stress is formed beyond
some critical value φc. The director orientation is
not completely uniform. A perfectly uniform director
configuration would imply that the planar orientation
favoured at the wall is not completely satisfied. However,
the fluid can reduce the increased surface free-energy
implied by a strictly uniform director field by creating
two fluctuating domain walls, panel d3, that define
two diametrically opposed domains where the director
rotates by 90◦. Alternatively, we can view this structure
as a polar structure (stable at lower densities) where
the two point defects are smeared out into a curved
one-dimensional interface. Particles in the two small
domains satisfy the surface orientation. Note that the
domain walls behave as a soft wall: particles of the
central domain next to the interface are highly ordered
and the density in these regions is increased (panel d2).
Domain walls are seen to behave as highly fluctuating
structures.
The value of packing fraction, φc, at which the N2-
Nu transition takes place increases with cavity radius R.
To understand this, let us consider the free energy F of
both configurations, N2 and Nu, with respect to an undis-
torted nematic state with free energy F0. Three terms
contribute to the excess free-energy ∆F = F − F0: do-
main walls, Fw, elastic deformations of the director field,
Fe, and disclination cores, Fc. In the N2 state the direc-
tor field is distorted; the free energy presents a logarith-
mic dependence with R, i.e. Fe ∼ K(φ) logR [39, 40],
while the contribution from the two disclinations is al-
most constant (assuming the distance between the cores
to be independent of R). In the Nu state director defor-
mations are negligible in comparison to the other phase,
but the presence of domain walls increases the free en-
ergy. Since Fw is proportional to the length of the domain
wall, it should also increase with R, but faster than Fe.
Due to the weaker dependence of Fe with R, we expect
a transition from Nu to N2 when R is increased beyond
some critical value and consequently φc(R) should be an
increasing function of R in view of the density depen-
FIG. 3: High-density states of particles with L/D = 40 con-
fined in cavities with planar anchoring and different radii. The
global packing fraction is φ ' 0.45. Left column: representa-
tive snapshots of particle configurations. Right column: local
packing fraction. Cavity radius increases from top to bottom.
First row: R = 1.5L, N = 126. Second row: R = 2.0L,
N = 224. Third row: R = 2.5L, N = 350. Fourth row:
R = 6.0L, N = 2025.
dence of the elastic constants K(φ). This conclusion is
confirmed by our simulations (not shown).
On further increasing the value of φ, the fluid may
develop smectic-like layers, reflecting the corresponding
transition in bulk. The role played by cavity radius is
especially important in this regime. To see this, we plot
in Fig. 3 representative snapshots of the particle con-
figurations (left column) and the local packing fraction
(right column) of particles with aspect ratio L/D = 40.
6FIG. 4: Cavity with radius R = 5.5L, homeotropic anchoring conditions and particle aspect ratio L/D = 16. Left column:
snapshot of particles configurations (circle in black is the actual cavity wall of radius R, while circle in red represents the
effective cavity with radius Reff). Middle column: local packing fraction. Right column: local order parameter. First row: I
phase with N = 378 and global effective packing fraction φeff ' 0.21. Second row: N2 phase with N = 618 and φeff ' 0.34.
Third row: a state intermediate between the N2 and Nu phases, with N = 778 and φeff ' 0.43. Forth row: Nu phase with
N = 1022 and φeff ' 0.56.
7FIG. 5: Cavity with radius R = 5.5L, homeotropic anchoring conditions and particle aspect ratio L/D = 40. Left column:
snapshot of the particle configurations (circle in black is the actual cavity wall of radius R, while circle in red represents the
effective cavity with radius Reff). Middle column: local packing fraction. Right column: local order parameter. First row: I
phase with N = 385 and average effective packing fraction φeff ' 0.09. Second row: N2 phase with N = 805 and φeff ' 0.18.
Third row: N2 phase with N = 1325 and φeff ' 0.29. Forth row: phase exhibiting layering in the radial direction, with
N = 2445 and φeff ' 0.54.
8FIG. 6: High density states in a cavity with homeotropic anchoring. Left column: representative particle configurations.
Middle column: local packing fraction. Right column: local order parameter. First row: uniform phase, L/D = 40, R = 2.5L,
N = 610, φeff ' 0.54. Second row: polar phase, L/D = 16, R = 12.5L, N = 3508, φeff ' 0.41.
In all cases the average packing fraction is φ ' 0.45 (well
above the bulk I-N transition) and the radius increases
from top to bottom: R = 1.5L, 2L, 2.5L and 6L. As ex-
pected, strong commensuration effects arise in the cavity
at high density. For small cavity radii, the particles form
well defined layers (first three rows in figure), the number
of which depends on the available space. The formation
of layers inside the cavity is the analogue of capillary
smectization of a liquid crystal in slab geometry previ-
ously analysed in 3D [41–44] and 2D [45]. In general, the
circular shape of the cavity frustrates the formation of
well-defined layers, but the combined effect of shape and
size may frustrate or enhance the formation of layers. In
this system small cavity sizes promote layering: in the
cases shown, the fluid remains in a nematic-like Nu state
when R = 6L (see panels d1 and d2 of Fig. 3), but for
smaller cavities at the same packing fraction well defined
smectic-like layers can develop.
B. Homeotropic anchoring
In this case the wall acts as a hard wall on the particle
centres of mass. In order to be able to compare with the
planar case, we define an effective cavity radius, Reff =
R+
√
L2 +D2/2, and obtain an effective packing fraction
as φeff = NLσ/(piR2eff). In contrast with the planar case,
for homeotropic anchoring we observe strong differences
with respect to particle aspect ratio for a fixed cavity
radius: the Nu phase is stabilised for L/D = 16, but
the N2–Nu transition is preempted by the formation of
smectic-like layers when L/D = 40 and, as a result, no
quasi-uniform configuration occurs.
Fig. 4 summarises a typical evolution of the configura-
tions as φ is increased when L/D = 16. The low-density
configuration (first row) is similar to the planar case: a
thin (one-particle thick) film develops at the wall, now
with normal average orientation of the particles, while
the rest is disordered.
When the density increases and nematic order appears
in the whole cavity (second row of Fig. 4), the topolog-
ical constraints force the creation of two disclinations of
charge +1/2; this is as in the planar case (second row
of Fig. 2). Here the two defects are not at the wall but
a bit separated. This feature was predicted by density-
functional theory [12, 13] and results from the effective
repulsion of the defect by the wall combined with the mu-
tual repulsion between the two defects (in the planar case
such defect-wall repulsion does not exist). As the density
is increased further the two disclinations can be seen to
approach each other (not shown). This behaviour is in
contrast with that predicted by the Onsager-like theory
analysed in [12], according to which the relative distance
should increase with chemical potential (or, equivalently,
density). Again two effects are at work as density in-
creases: defect-wall repulsion, which increases due to the
strong spatial ordering near the wall and the incipient
stratification from the wall in the normal direction (pan-
9els b2), and defect mutual repulsion, which also increases
due to the higher elastic stiffness of the nematic. The
poor description of strong density modulations occurring
at high density in Onsager theory may explain the dis-
crepancy.
The third row in Fig. 4, corresponding to a larger value
of packing fraction, represents an intermediate (proba-
bly metastable) stage between the polar state and what
appears to be the stable configuration at high density:
the uniform phase, Nu (fourth row). Here the director
alignment in the cavity is more or less uniform, with lit-
tle bend-like elastic distortion. However particles in the
first layer, highly packed in a compact normal configu-
ration, form a well defined and stable film acting as a
soft wall favouring planar orientation. This results in a
quasi-uniform phase Nu, similar to that found in the case
of planar anchoring at high densities. The resulting con-
figuration contains two extended domain walls separat-
ing the first layer from the central nematic domain. The
N2 →Nu transition is driven by an anchoring-transition
mechanism: the orientation of particles next to the first
layer changes from normal (see panel b1 in Fig.4) to tan-
gential (panel d1) along opposite arcs spanning ∼ 120◦;
note that in the configuration of panel c1 the transition
has taken place only in one side. As in the N2 phase, the
formation of these domain walls breaks rotational sym-
metry and establishes a direction along which smectic-
like layers can grow at higher densities (see incipient lay-
ering in panel d2).
The stability of the Nu phase was checked by prepar-
ing a configuration of N = 900 rods in a cavity of ra-
dius R = 5.5L containing a central radial disclination
of charge +1. During the MC chain the system rapidly
formed a polar phase with two +1/2 disclinations, similar
to that depicted in Fig. 4 (b1). Then an anchoring tran-
sition took place in half of the cavity, and finally the Nu
phase was stabilised and remained unchanged for the rest
of the simulation. This can be taken as strong evidence
that the Nu phase is the truly stable phase.
For particle aspect ratio L/D = 40 and the same cav-
ity radius, Fig. 5, low-density states are similar to those
with aspect ratio L/D = 16 (first and second row of Fig.
4). However, the order parameter close to the surface
is significantly lower than in the case of planar anchor-
ing (compare panels a3 of Figs. 2 and 5). The reason
is the following: A single particle at close contact with
the wall has a specific (tangential) alignment when the
wall acts over the whole particle; out-of-tangential align-
ments lead to particle-wall overlap and are not allowed,
which increases the order parameter. In contrast, a hard
wall acting on the centers of mass does not induce any
favoured orientation on the particles if the density is suf-
ficiently low.
As φ increases a nematization transition occurs, and
a N2 phase is stabilised at intermediate densities. How-
ever, for larger densities, the situation changes dramat-
ically: the homeotropic anchoring imposed by the sur-
faces always propagates to the inner cavity since the lock-
ing mechanism that anchors particles to the first layer is
much more effective: the normal-to-tangential anchoring
transition never takes place. At higher packing fractions,
φeff ' 0.54 (fourth row in Fig. 4), a density stratifi-
cation grows from the surface and particles form well-
defined, concentric layers, the two +1/2 disclinations be-
ing pushed to the central region. The size of the defect
cores (regions where the order parameter vanishes) be-
comes significantly smaller as density is increased. There-
fore, the absence of the anchoring transition inhibits the
formation of the Nu phase and the fluid instead goes di-
rectly to a smectic-like phase exhibiting concentric layers.
Thus, for R = 5.5L, the high-density states are com-
pletely different depending on the aspect ratio. Anchor-
ing is much stronger in the case L/D = 40, the anchor-
ing transition does not take place, and the quasi-uniform
configuration is inhibited as a result. At high densities,
smectic-like layers do not grow along a fixed direction but
in the radial direction instead.
From this evidence, it may seem that the value of as-
pect ratio L/D determines the type of structure in the
cavity as φ increases. This is not the case, and in fact
the R/L ratio is a more important factor. To check this,
we have conducted simulations for both elongations but
with very different cavity sizes, R = 2.5L for L/D = 40
and R = 12.5L for L/D = 16, Fig. 6. In the first case a
uniform configuration with domain walls is stabilised; in
the second, no anchoring transition occurs and, as a con-
sequence, the Nu phase is not stabilised before layering
sets in. We conclude that a large value of R/L favours
anchoring and inhibits the anchoring transition and the
formation of the quasi-uniform phase. In turn, the crit-
ical value of the ratio R/L separating both regimes de-
pends on L/D to some extent.
IV. DISCUSSION AND CONCLUSIONS
In summary, we have observed the formation of domain
walls in 2D nematic fluids subject to frustration as a re-
sult of confinement in small cavities. These structures,
not predicted by elasticity theory, are similar to the step-
like defects obtained in model 3D nematics confined in
hybrid planar slit pores. At domain walls the director ori-
entation changes at the molecular scale, so that the elas-
tic field becomes singular along extended interfaces (lines
in 2D or surfaces in 3D). In this way the elastic distortion
is greatly relaxed, while the surface orientation is still op-
timised. Domain walls were predicted in an analysis of
the neighbourhood of half-integer nematic disclinations,
using Landau-de Gennes theory [21]. In this case the do-
main wall is a way to avoid a disordered defect core. In
hybrid planar slit pores, where the two facing surfaces
favour antagonistic directions, a domain-wall structure
has also been predicted by Landau-de Gennes theory [15]
and by density-functional calculations [18].
Here we have extended the observation of these domain
walls to real particle simulations of confined nematics in
10
2D. In our system and for a fixed cavity radius, we have
found the sequence I→N2 →Nu for increasing packing
fraction φ. The packing fraction at which the N2 →Nu
transition occurs strongly depends on cavity radius R. At
high density smectic-like layers are formed in the fluid.
The Nu phase is a quasi-uniform phase with little di-
rector distortion; this is realised by the creation of two
domain walls which help maintain the favoured surface
orientation in the whole cavity. Homeotropic anchoring
conditions induce the formation of a highly-packed sur-
face film, which may drive an anchoring transition to a
tangential orientation and the formation of a large quasi-
uniform nematic domain separated from the first layer
by domain walls. Large R/L ratios inhibit the anchoring
transition and therefore the stabilisation of the Nu phase,
but the critical value of R/L depends on the aspect ratio
L/D. Our results emphasise the possibility of domain-
wall formation in small confined systems as a mechanism
to optimise surface and elastic stresses.
It is interesting to compare our results with other stud-
ies. Dzubiella et al. [5] analysed a similar system using
MC simulation. They focused on moderate densities and
obtained the N2 phase. Galanis et al. [11] studied vi-
brated quasi-monolayers of rods in circular and square
geometries, and observed the formation of nematic pat-
terns. The patterns were seen to be well described by
continuum elastic theory, but the particle configurations
of the experiment seem to exhibit some evidence of do-
main walls not contemplated in that work. The forma-
tion of two +1/2 disclinations has been also predicted in
active matter confined in cylindrical capillaries [46] and
circular cavities [47].
Recently, liquid-crystalline ordering has been studied
in square cavities using density-functional [48] and MC
simulation [49]. Domain walls can be stabilised in these
systems. For some geometries the formation of domain
walls may be a necessary requirement for the develop-
ment of confined phases with spatial order (smectic or
columnar) at higher densities.
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